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R e s e a r c h  M e m o r a n d a  are i n f o r m a l  pub l i ca t ions  
r e l a t i n g  t o  ongoing o r  projected areas of re- 
search a t  I I A S A .  T h e  v i e w s  expressed are 
those of t h e  au tho r s ,  and do n o t  necessari ly 
ref lect  those of I I A S A .  

Short-Term Planning of an  I n t e g r a t e d  
I n d u s t r i a l  Complex 
I g o r  Zimin and German Surguchev 
1. I n t r o d u c t i o n  
The d e s i g n  and c o n s t r u c t i o n  of modern i n t e g r a t e d  indus-  
t r i a l  complexes i nvo lve  c o n s i d e r a t i o n  o f  a  g r e a t  number o f  
v a r i a b l e s  such a s  l o c a t i o n ,  c a p a c i t y ,  energy,  economy, e tc . ,  
and a  number of r e s p e c t i v e  c a l c u l a t i o n s  a s  w e l l .  The v a r i a b l e s  
embrace t h e  fo l l owing  problems: 
- r e s o u r c e  d i s t r i b u t i o n  t a s k s ,  
- c h o i c e  of t h e  equipment t y p e s  and c a p a c i t i e s ,  
- t r a n s p o r t  problems, and o t h e r s .  
Modern i n t e g r a t e d  i n d u s t r i a l  complexes r e p r e s e n t  a  compi l a t i on  
of s e p a r a t e  p roduc t i on  d i v i s i o n s  o r  i n t e g r a t e d  u n i t s  which a r e  
d e s t i n e d  t o  perform t h e  s u c c e s s i v e - p a r a l l e l  o p e r a t i o n s .  
The c h a r a c t e r i s t i c  f e a t u r e s  of  t h e  l a r g e - s c a l e  i n t e g r a t e d  
complexes i n c l u d e  g r e a t  f l ows  of raw m a t e r i a l ,  energy ,  f i n a l  
p roduc t s  and i n fo rma t ion .  The compl ica ted  and expens ive  equip-  
ment inc luded  i n  such i n t e g r a t e d  complexes demands t h e  p e r f e c t  
o r g a n i z a t i o n  of t h e  work, s i n c e  even sma l l  i n a c c u r a c i e s  i n  t h e  
d e s i g n  and c o n t r o l  of t h e  l a r g e - s c a l e  i n t e g r a t e d  complexes i n -  
v o l v e  g r e a t  l o s s e s  o f  p roduc t i on ,  q u a l i t y  and s o  on. 
The e f f e c t i v e n e s s  of  t h e  work of t h e s e  complexes i s  de- 
f i n e d ,  t o  a  c o n s i d e r a b l e  e x t e n t ,  n o t  by t h e  e f f e c t i v e n e s s  of 
t h e  work of t h e  s e p a r a t e  p roduc t ion  d i v i s i o n s ,  b u t  by t h e  
mutual  job.  Th i s  i s  a  main c h a r a c t e r i s t i c  f e a t u r e  of most of 
t h e  i n t e g r a t e d  i n d u s t r i a l  complexes i n  t h e  chemical ,  machine- 
b u i l d i n g ,  and m e t a l l u r g i c a l  i n d u s t r i e s .  
A s  a  c r i t e r i o n  of t h e  op t imal  work of t h e  l a r g e - s c a l e  
complexes, a  c e r t a i n  summarized index ,  which c h a r a c t e r i z e s  
t h e  work of  t h e  whole complex, should be g iven .  Sometimes 
such a  c r i t e r i o n  i s  cons ide red  t o  be t h e  t o t a l  i d l e  t i m e  of 
a l l  t h e  u n i t s .  I n  some c a s e s  t h i s  c r i t e r i o n  proves  t o  be  
i n s u f f i c i e n t l y  common a s  i t  does  n o t  f u l l y  c h a r a c t e r i z e  t h e  
mutual  a c t i o n s  of t h e  s e p a r a t e  u n i t s  and produc t ion  d i v i s i o n s .  
A more common c r i t e r i o n  can be  t h e  p r o d u c t i v i t y  o f  t h e  whole i n -  
d u s t r i a l  complex. I n  t h i s  c a s e  t h e  t a s k  can  be cons idered  a s  
min imiza t ion  of t h e  t i m e  f o r  performing a  g iven  number of  pro- 
d u c t i o n  c y c l e s  o r  maximization of  p roduc t ion  c y c l e s  d u r i n g  a  
g iven  t i m e .  
Let  u s  cons ide r  one of t h e  p o s s i b l e  approaches t o  t h e  
s o l u t i o n  of t h e  problems of such types .  
2 .  Problem Statement  
Although t h e  g e n e r a l  p r o j e c t  schedul ing problem under 
l i m i t e d  r e sou rces  remains unsolved f o r  p r a c t i c a l - s i z e d  problems, 
some s i m p l i f i e d  approaches can be suggested f o r  t h e  rough 
i n v e s t i g a t i o n  of t h e  problem. One of t h e s e  schemes i s  con- 
s i d e r e d  i n  t h i s  paper.  I t  al lows one t o  c o n s t r u c t  a  r a t i o n a l  
(poss ib ly  non-optimal from a  s t r i c t l y  mathematical  s t a n d p o i n t )  
schedule  through man-machine i n t e r a c t i o n .  
The machine sequencing problem, which has  rece ived  con- 
s i d e r a b l e  exposure i n  t h e  l i t e r a t u r e ,  i s  a  s p e c i a l  c a s e  of 
g e n e r a l  p r o j e c t  schedul ing.  I n  t h i s  c a s e  t h e  precedence ne t -  
work has a  s p e c i a l  s t r u c t u r e  s o  t h a t  a l l  t h e  a c t i v i t i e s  (o the r  
t han  what may be  f i r s t  and l a s t  dummy a c t i v i t i e s )  have e x a c t l y  
one predecessor  and one successor  (see Figure  1). I n  a d d i t i o n  
it i s  assumed t h a t  each a c t i v i t y  r e q u i r e s  on ly  one u n i t  of 
one type  r e sou rce  and t h a t  a l l  requirements  and a v a i l a b i l i t i e s  
a r e  c o n s t a n t .  
F igure  1. 
Never the less ,  t h e  assembly l i n e  ba lanc ing  problem i s  
c l o s e l y  r e l a t e d  t o  t h e  p r o j e c t  schedul ing problem, s i n c e  it  
can  be r ep re sen ted  on a  s i m i l a r  network, a l though  t h e  form 
of t h e  r e sou rces  c o n s t r a i n t s  may be q u i t e  d i f f e r e n t .  
I n  t h i s  paper w e  propose a  method f o r  so lv ing  t h e  prob- 
lem. I t  i s  based on t h e  extending of t h e  procedures  o r i g i -  
n a l l y  proposed f o r  t h e  p r o j e c t  schedul ing problem (Zi.min [ 2 1 )  . 
Note t h a t  our  method is  based on t h e  c o n t r o l  t heo ry  approach 
and d i f f e r s  very  much from h e u r i s t i c  methods t r e a t e d  i n  Levy 
1 1 1  and o t h e r  approaches i n  which t h e  problem i s  s t a t e d  a s  a  
s e t  of l i n e a r  ( i n t e g e r )  i n e q u a l i t i e s  and approaches which 
d e a l  wi th  t h e  combina tor ia l  problem d i r e c t l y .  
We cons ide r  t h e  problem desc r ibed  by t h e  fo l lowing  con- 
d i t i o n s :  
A )  A set of S jobs  must be  performed. The j - th  job 
c o n s i s t s  of n  t a s k s  numbered from 1 t o  n  . The j j 
maximal t i m e  t o  perform each t a s k  i s  a known i n t e g e r  
r ep re sen ted  by Ti j  f o r  t h e  i - t h  t a s k  of t h e  j - t h  
job. 
B) A set of K d i f f e r e n t  r e sou rces  i s  a v a i l a b l e .  Rk i s  
t h e  amount of t h e  k- th  r e sou rce  a v a i l a b l e  i n  any t i m e .  
The amount of t h e  k-th r e s o u r c e  r e q u i r e d  by t h e  t a s k  
i j  dur ing  i t s  process ing  i s  r For example, t h e  i j *  
r e sou rces  correspond t o  t h e  machines of a  job shop, 
and each t a s k  r e q u i r e s  on ly  a  s i n g l e  machine du r ing  
t h e  i n t e r v a l  of i t s  process ing .  
C) No preemption of t a s k  performance i s  allowed. Once 
t h e  t a s k  i j  i s  s t a r t e d ,  it must be processed u n t i l  
completed i n  no longer  t han  Tij  t i m e  u n i t s  and no 
less t han  T .  t i m e  u n i t s .  
-1 j 
D) The s t a r t  t i m e s  of t h e  t a s k s  on a  g iven  job a r e  
cons t r a ined  by a  cyc l e - f r ee  network of t h e  CPM-PERT 
t y p e  (see Figure  1) . 
E) We a r e  r equ i r ed  t o  f i n d  t h e  v a l u e s  f o r  t p j  ( s t a r t  
t i m e ) ,  j = 1, ..., ni t  i = 1, ..., S which s a t i s f y  con- 
d i t i o n s  A-E and f o r  which t h e  t o t a l  number of jobs 
(or  t a s k s )  completed dur ing  a given p e r i o d  of 
planning T i s  maximal. 
The "dua l"  problem of minimizing t h e  completion t i m e  of 
a  g iven  s e t  of jobs  can be s t a t e d .  Here we use t h e  f i n i t e -  
d i f f e r e n c e  equa t ion  t o  d e s c r i b e  t h e  model wi th:  
t h e  dynamic equa t ion :  
i j i j 
x (t  + 1) = x (t) + u i j  ( t ) 8  (1 - x i - l r ~  (t) 1 , (1) 
where 
i j 
x (t) 3 p o r t i o n  of t h e  i j - t h  t a s k  performed t o  t h e  
moment t. I t  could be i n t e r p r e t e d  a s  a  
p o r t i o n  of t h e  t o t a l  t i m e  ( T i j )  t h e  t a s k  
r e q u i r e d  f o r  i t s  performance u n t i l  t h e  
moment t;  
i j  
u  (t) Z performance i n t e n s i t y  o r  p o r t i o n  of t h e  
i j - t h  t a s k  h a s  been completed w i t h i n  
[ t  - 1, t l  p e r i o d ;  
By i n t r o d u c i n g  t h e  m u l t i p l i e r  0 t o  t h e  r igh t -hand  s i d e s  
of t h e  e q u a t i o n s ,  w e  t a k e  i n t o  accoun t  t h e  precedence  r e l a -  
t i o n s  (see p o i n t  D) w i t h :  
. the i n i t i a l  c o n d i t i o n s :  
W e  assume t h a t  t h e  i j - t h  t a s k  be  completed i f  xi' (t) = 1. 
Thus, w e  have t h e  f o l l o wing  c o n s t r a i n t s  f o r  e v e r y  t: 
i j  
and n a t u r a l  c o n s t r a i n t s  f o r  u  ( t )  
A l l  r e l a t i o n s  fo rmula ted  a r e  h e l d  f o r :  
(5) 
I n  a d d i t i o n ,  f o r  t h e  f i n a l  (dummy) t a s k  OS + 1 w e  have: 
Resource c o n s t r a i n t s  (see p o i n t  B)  a r e :  
.There a r e  no  p r e e m ~ t i o n  c o n s t r a i n t s  (see p o i n t  C) : 
W e  d e f i n e  (see p o i n t  E) t y j  a s  t h e  f i r s t  moment when t h e  
f o l l o w i n g  c o n d i t i o n  i s  h e l d :  
Some l i m i t a t i o n s  t o  t h e  maximum performance i n t e n s i t y  
have t o  be p r e s e n t  (see p o i n t  C1: 
According t o  p o i n t  E ,  t h e  o b j e c t i v e  f u n c t i o n  c o u l d  be 
w r i t t e n  i n  t h e  form o f :  
S  
n .  j 
~ ( u )  = I X ] ( T )  , (12)  
j= l  
where T i s  a  g i v e n  i n t e g e r .  
~ h u s ,  t h e  problem c o u l d  be s t a t e d  a s  
Max I ( u )  , 
s. t. (1) - (11) . 
To s o l v e  t h i s  problem w e  used a m o d i f i c a t i o n  of t h e  method 
described i n  [ 2 ]  . 
Note t h a t  t h e  model c o u l d  i n c o r p o r a t e  some a d d i t i o n a l  
f a c t o r s ,  f o r  example, t h a t  t h e  job  s h o u l d  perform w i t h o u t  
i n t e r r u p t i o n .  Once job  j i s  s t a r t e d ,  a l l  i t s  t a s k s  must be 
p r o c e s s e d  w i t h o u t  a t i m e  l a g  between t h e  f i n i s h  t i m e  of  
t h e  p r e d e c e s s o r  a n d s t a r t  t i m e  of  t h e  s u c c e s s o r .  The re- 
s o u r c e  consumption and s u p p l y  dependence of t i m e  a l s o  c o u l d  be 
c o n s i d e r e d ,  etc.  
3 .  Complex Oxygen Processes--Continuous C a s t i n g  Model 
( p a r t i c u l a r  case) 
A s  a n  example, a n  i n d u s t r i a l  sys tem c o n s i s t i n g  of  two 
complexes,  oxygen-conver ters  and con t inuous  c a s t i n g  machines 
f o r  steel p r o d u c t i o n ,  i s  c o n s i d e r e d  i n  t h i s  work. Such s y s -  
t e m s  are c o n s i d e r e d  t o  b e  e f f e c t i v e  and a r e  b e i n g  i n s t a l l e d  
a l l  o v e r  t h e  wor ld .  According t o  a number of f o r e c a s t s ,  s teel  
p r o d u c t i o n  w i l l  be based mainly  on t h e s e  p r o c e s s e s  i n  t h e  n e a r  
f u t u r e .  
The t a s k  of  t h e  oxygen-conver ter  complex i s  t h e  produc- 
t i o n  of steel  of a g i v e n  compos i t ion  and t e m p e r a t u r e .  C y c l i c  
p r o d u c t i o n  i s  c h a r a c t e r i s t i c  of  t h e s e  complexes. There  are 
some p r o c e s s  and p r o d u c t i o n  c o n t r o l  sys tems  b e i n g  developed f o r  
implementa t ion  i n  t h i s  t v p e  o f  complex. I n  1973,  abou t  e i g h t y  
of  t h e s e  sys tems ,  u s i n g  mini-  and a v e r a g e  computers ,  w e r e  
f u n c t i o n i n g  around t h e  wor ld .  
The t a s k s  of  s u c h  sys tems i n c l u d e :  
- p r o c e s s  c o n t r o l ,  
- p r o d u c t i o n  c o n t r o l ,  
- d a t a  c o l l e c t i o n  f o r  s t a t i s t i c a l  r e s e a r c h ,  c a l c u l a t i o n ,  
etc .  
The p r o d u c t i o n  c o n t r o l  sys tems  are n o t  i n c l u d e d  i n  t h e  i n t e -  
g r a t e d  c o n t r o l  sys tem of t h e  e n t e r p r i s e  as a r u l e .  
The t a s k  of t he  c o n t i n u o u s  c a s t i n g  machine complex i s  
t h e  c o n t i n u o u s  c a s t i n g  of steel  i n  s l a b s  of g i v e n  d imensions .  
C o n t r o l  sys tems  f o r  c o n t i n u o u s  c a s t i n g  m i l l s  have been d e v e l -  
oped less c o n s i d e r a b l y .  
When s c h e d u l i n g  t h e  mutual  work of  BOP - CC,  t h e r e  is  
t h e  problem of choos ing  t h e  rhythm f o r  a l l  t h e  work i n  which 
p r o d u c t i v i t y  i s  maximal. I n  o t h e r  words,  t h e  f r e q u e n c y  of 
t h e  h e a t  p r e p a r a t i o n  i n  t h e  oxygen-conver ter  complex shou ld  
cor respond  t o  t h e  p r o d u c t i v i t y  of t h e  c o n t i n u o u s  c a s t i n g  
machine complex. 
I n  accordance  w i t h  the  g i v e n  steel g r a d e ,  p r o d u c t i v i t y  
p o s s i b i l i t i e s  of e a c h  complex, e n e r g y  e x p e n d i t u r e s  and o t h e r  
d i s t r i b u t i o n s  a r e  changed.  I n  t h i s  case t h e  problem of  
o p e r a t i o n - s t a t e  s c h e d u l i n g  arises. 
I n  a  m e l t i n g  and c o n t i n u o u s  c a s t i n g  p r o c e s s ,  e v e r y  j o b  
c o n s i s t s  o f  three t a s k s :  m e l t i n g ,  p r e p a r i n g  f o r  c a s t i n g  and 
c a s t i n g  i t s e l f .  T h i s  network d iag ram i s  shown i n  F i g u r e  2. 
I -1- I PREPARATION I --I S ... ... . . . ... ... 
F i g u r e  2. 
C o n v e r t e r s  f o r  t h e  m e l t i n g  and casts f o r  t h e  c a s t i n g  are 
c o n s i d e r e d  h e r e  as r e s o u r c e s .  W e  f o r m u l a t e  t h e  model by 
u s i n g  a s i n g l e  index:  
dynamic e q u a t i o n s :  
X 
3k- 2 (t  + 1) = x 3k-2(t) + u  3k-2 (t)  ( m e l t i n g )  , 
x 3k-1(t + 1) = x  3k-1(t) + u  3k-1 (t) 0 (x 3k-2 - 1) ( p r e p a r a t i o n )  
x3k (t  + 1) = x 3 k ( t )  + ~ ~ ~ ( t )  0 ( x  3k-1- 1) ( c a s t i n g )  , 
k  = 1 , 2 ,  ... ,S  and 
r e s o u r c e  c o n s t r a i n t s :  
where 
ak E t i m e  r e q u i r e d  t o  c o m p l e t e  t h e  (3k - 2 ) - t h  
m e l t i n g ;  
bk t i m e  r e q u i r e d  t o  comple te  t h e  3k - t h  c a s t i n g ;  
ck z t i m e  r e q u i r e d  t o  comple te  t h e  (3k - 1 ) - t h  
p r e p a r a t i o n  f o r  t h e  3k-th c a s t i n g ;  
m - t h e  number of  conver te rs ;  
n  - t h e  number of c a s t s .  
W e  assumed t h a t  a  p repa ra t ion  f o r  c a s t i n g s  does n o t  r e q u i r e  
any r e sources .  
W e  have no preemption c o n s t r a i n t s :  
u  
1 3k-2 (t) 2 - e (X 3k-2(t)) e c i  - x 3k-2(t) 1 , 
=k 
C o n s t r a i n t s  t o  t h e  maximum performance i n t e n s i t y  a r e :  
Eqs. (15) and (16) i n d i c a t e  t h a t  f o r  a l l  t a s k s  i n t e n s i t y  could 
1 be  equa l  t o  0 o r  correspondingly - 1 1 
a  ' 
- and - . 
i 'i bi 
The o b j e c t i v e  func t ion '  is : 
where T  is t h e  t i m e  of completion of a l l  t h e  jobs. 
4 .  A Numerical  Example 
W e  have done some c o m p u t a t i o n a l  exper iments  w i t h  t h e  
model p r e s e n t e d .  An a d d i t i o n a l  assumpt ion  i s  t h a t  no p re -  
emption o f  t h e  job  performance i s  a l lowed .  The r e s u l t s  a r e  
shown below. The network d iagram i s  g i v e n  i n  F i g u r e  3. 
F i g u r e  3.  
Thus, S = 5,  the t a s k s  1, 4 ,  7 ,  1 0 ,  13  c o r r e s p o n d  t o  t h e  
m e l t i n g s ;  t h e  t a s k s  2 ,  5 ,  8 ,  11, 1 4  a r e  p r e p a r a t i o n s  f o r  
t h e  c a s t i n g s ;  and t h e  t a s k s  3 ,  6 ,  9 ,  1 5  cor respond  t o  t h e  
c a s t i n g s  (see F i g u r e s  4 and 5 ) .  T a b l e  1 shows t h e  t i m e  dura -  
t i o n s  f o r  e v e r y  t a s k .  
Tab le  1. I n p u t  d a t a  ( d u r a t i o n s  of  t h e  t a s k s  i n  m i n u t e s ) .  
J o b  Task Task Task 
number number number number 
i i i i 
The t a s k  numbers ( i n  b r a c k e t s )  co r respond  t o  F i g u r e  3 .  
VARIANT i ( m = 2 , n = 3 )  
TB =I70 
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The following variants have been computerized and examined 
(Table 2). 
Table 2. Input data (resource supplies). 
Variant Converters Casts 
number 
iii 4 4 
iv 5 2 
Ghant diagrams which correspond to the optimal solution 
of the problem and resource loadings are shown in Figures 4-13. 
The construction of the surface T* (m, n) would help the 
management of a plant or a job shop to select the appropriate 
amount of facilities from the available set and to deal with 
the input-payoff analysis very effectively. 
The surface (or table) T* (m, n) could be easily constructed 
on the basis of the problem solution for all the m and n. In 
our case the total number of these calculations is equal to 
twelve. Each calculation required about 0.1 sec of the CP 
time on the CDC-6600 computer. 
Note that the solution of the problem (T') with the constraints 
(15) removed gives us the low boundary to the length of the 
optimal schedule for the initial problem (T*). That is 
In this variant the low boundary has been achieved. The 
solution with the constraints (15) removed is shown in Figures 
6 and 7. This solution (Figure 6) is not acceptable for our 
initial problem due to the violation of the constraints men- 
tioned in point C (see Figure 8 and Figure 9). 
In this case we could conclude that three casts will be 
enough to complete the whole job within the same time: that is, the 
TASK 
N U M B E R  
. 
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optimal number of casts for the given number of converters 
is equal to three (see Figure 10 and Figure 11). 
In this case the increase in the number of casts will 
not lead to a time decrease. An increase in the number of 
converters (to five) will decrease the time to T* = 135. 
The simultaneous increase of the number of converters and 
casts to five will lead to the time decrease T* = 125. The 
latter is the minimum possible time in which the given number 
of jobs can be completed. It corresponds to the case in which 
all the resources are unlimited (see Figure 12 and Figure 13). 
Conclusion 
The examples of the tasks we have considered do not 
cover all the numerous problems which arise in operation pro- 
duction processes planning. We propose to continue our job 
of trying to find the general principles of control of the 
integrated production complexes of the same kind. 
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